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Qubits, the quantum mechanical bits required for quantum computing, must retain their
fragile quantum states over long periods of time. In many types of electron spin qubits,
the primary source of decoherence is the interaction between the electron spins and nuclear
spins of the host lattice. For electrons in gate defined GaAs quantum dots, previous spin echo
measurements have revealed coherence times of about 1 µs at low magnetic fields below 100
mT (ref 1, 2). Here, we show that coherence in such devices can actually survive to much
longer times, and provide a detailed understanding of the measured nuclear spin induced
decoherence. At fields above a few hundred millitesla, the coherence time measured using a
single-pulse spin echo extends to 30 µs. At lower magnetic fields, the echo first collapses, but
then revives at later times given by the period of the relative Larmor precession of different
nuclear species. This behavior was recently predicted3, 4, and as we show can be quantita-
tively accounted for by a semi-classical model for the electron spin dynamics in the presence
of a nuclear spin bath. Using a multiple-pulse Carr-Purcell-Meiboom-Gill echo sequence, the
decoherence time can be extended to more than 200 µs, which represents an improvement by
two orders of magnitude compared to previous measurements1, 2, 5. This demonstration of
effective methods to mitigate nuclear spin induced decoherence puts the quantum error cor-
rection threshold within reach.
The promise of quantum dot spin qubits as a solid state approach to quantum computing
is demonstrated by the successful realization of initialization, control and single shot readout of
electron spin qubits in GaAs quantum dots using optical6, magnetic7, and fully electrical8–10 tech-
niques. To further advance spin based quantum computing, it is vital to mitigate decoherence due
to the interaction of the electron spin with the spins of nuclei of the host material. Understanding
the dynamics of this system is also of great fundamental interest11, 12.
Through the hyperfine interaction, an electron spin in a GaAs quantum dot is subjected to
an effective magnetic field produced by the nuclear spins. Under typical experimental conditions,
this so-called “Overhauser field” has a random magnitude and direction. Typically, measurements
of the coherent electron spin precession involve averaging over many experimental runs, and thus
over many Overhauser field configurations. As a result, the coherence signal is suppressed for
evolution times τ & T ∗2 ≈ 10 ns (ref 1). However, the nuclear spins evolve much more slowly
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than the electron spins, so that the Overhauser field is nearly static for a sufficiently short duration
of electron spin evolution. Therefore, it is possible to partially eliminate the effect of the random
nuclear field by flipping the electron spin halfway though an interval of free precession13, a proce-
dure known as Hahn-echo. The random contributions of the Overhauser field to the electron spin
precession before and after the spin-reversal then approximately cancel out. For longer evolution
times, the effective field acting on the electron spin generally changes between the two halves of the
precession interval. This change leads to an eventual loss of coherence on a time scale determined
by the details of the nuclear spin dynamics.
Previous Hahn-echo experiments in GaAs quantum dot spin qubits have demonstrated spin
dephasing times of around 1 µs at relatively low magnetic fields up to 100 mT (ref 1, 2). Recent
theoretical studies of decoherence due to the hyperfine interaction3, 4, 14 are generally consistent
with these experimental results, but predict revivals of the echo signal after several microseconds,
as also seen in other systems15. This prediction already indicates that the initial decay of the echo
does not reflect irreversible decoherence, but is a consequence of the coherent Larmor preces-
sion of the nuclei. Theoretical work also predicted much longer coherence times at higher exter-
nal magnetic fields16 or when using more advanced pulse sequences17, 18. The classic example is
the Carr-Purcell-Meiboom-Gill (CPMG) sequence1, 19, but several alternatives have recently been
developed20, 21 and demonstrated22, 23. The performance of such schemes is expected to improve as
more control pulses are added18. Here, we provide direct experimental confirmations for all the
above predictions.
The spin qubit studied in this work consists of two isolated electrons confined in a double
quantum dot, created by applying negative voltages to metallic gates that locally deplete a two
dimensional electron gas (2DEG) 90 nm below the wafer surface (see Fig. 1a). The Hilbert
space of our logical qubit is spanned by the states | ↑↓ 〉 and | ↓↑ 〉, i.e. the m = 0 subspace
of two separated spins. The arrows represent the alignment of the electron spins in each of the
dots relative to an external magnetic field, Bext, which is oriented in the plane of the 2DEG. The
remaining two states, T+ ≡ | ↑↑ 〉 and T− ≡ | ↓↓ 〉, are energetically separated by the Zeeman
energy EZ = g∗µBBext (g∗ = −0.44 is the g-factor in GaAs) and are not used for information
storage. Tunnel coupling to the leads is used for initialization, while inter-dot tunnel coupling
allows spin exchange between the dots. This exchange interaction is modulated via the detuning
ε, which is the difference between the electrostatic potentials in the two dots. This parameter
is controlled via rapid, antisymmetric changes of the voltages on gates GL and GR (see Fig. 1)
applied via high frequency coaxial lines, which enables fast electrical control of the qubit1, 8, 24
The experimental procedures follow those of ref 1. We initialize the system at a large detun-
ing, where the ground state is a spin singlet with both electrons residing in a single dot. As ε is
swept to negative values, the electrons separate into different dots, thus preparing the singlet state
S ≡ (|↑↓ 〉−|↓↑ 〉)/√2. For very large negative detunings, the electron spins in the two dots are de-
coupled, and each individually experiences a Zeeman field composed of the homogeneous external
field and a fluctuating local hyperfine field. A difference ∆Bznuc between the z-components of the
2
Figure 1: Qubit control. a, SEM micrograph of a device similar to the one used. Metal gates
(bright structures) are negatively biased to confine two electrons. The charge state of the double
quantum dot is determined by measuring the conductance through the capacitively coupled quan-
tum point contact, GQPC . The separation between the two electrons is controlled with nanosecond
time resolution via the voltages on GR and GL. b, Left: an initially prepared singlet state oscillates
between S and T0 with frequency g∗µB∆Bznuc/~, which changes over time due to slow fluctuations
of the hyperfine field gradient ∆Bznuc. Right: switching on the tunnel coupling between the two
dots leads to the coherent exchange of the electron spins. c, Hahn-echo sequence: after evolving
for a time τ/2, the two electrons are exchanged with a π-pulse. The singlet state is recovered after
further evolution for another τ/2, independent of ∆Bznuc. d, Carr-Purcell-Meiboom-Gill sequence:
in this higher order decoupling sequence, n π-pulses at time intervals τ/n are applied.
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hyperfine fields in the two dots leads to an energy splitting between the basis states |↑↓ 〉 and |↓↑ 〉.
This splitting causes precession between the singlet S and the triplet T0 ≡ (| ↑↓ 〉 + | ↓↑ 〉)/
√
2,
and its fluctuations lead to dephasing of the qubit. We implement the echo π-pulses by pulsing to
small negative detunings, where inter-dot tunneling leads to an exchange splitting between S and
T0. This splitting drives coherent oscillations between the states |↑↓ 〉 and |↓↑ 〉. The pulse profiles
for the Hahn-echo and CPMG sequence are shown in Fig. 1c,d.
Readout of the final qubit state is accomplished by switching to positive detuning, ε > 0,
where the state with both electrons sitting in the same dot is preferred for the spin singlet, but is
energetically excluded for a spin-triplet due to the Pauli exclusion principle. The two spin states
thus acquire different charge densities. To sense this difference, we use a proximal quantum point
contact (QPC), whose conductance depends on the local electrostatic environment25. After averag-
ing over many identical pulse cycles, the mean QPC conductance, GQPC , reflects the probability
to find the qubit in the singlet state at the end of each cycle. The echo amplitudes presented below
are normalized such that they are unity at short times (no decoherence) and eventually drop to
zero for a fully randomized state. This normalization eliminates τ -independent contrast losses (see
Supplementary Material). Fig. 2a shows the Hahn-echo signals for different magnetic fields Bext.
At high fields we find a monotonic decay of the Hahn-echo signal with the total duration
of free precession, τ . The echo initially decays very slowly (approximately proportional to τ 4),
and is suppressed to 1/e after 30 µs. As the magnetic field is reduced, the echo signal develops
oscillations with a time scale of microseconds. For even lower fields, the oscillations evolve into
full collapses of the signal, with revivals at later times on a ten microsecond time scale. These
revivals were predicted in refs 3, 4 based on a quantum mechanical treatment of the hyperfine
interaction between electron and nuclear spins. Below we outline a semiclassical model26 that can
reproduce the lowest-order result of refs 3, 4 and accounts for additional effects that are essential
for fitting our data. This model provides the theoretical echo signal, C(τ) ≡ 2p(S)− 1 = −Re〈↑↓
|ρ(τ)| ↓↑ 〉, where p(S) is the probability of finding the electron in a singlet state and ρ(τ) is the
qubit’s density matrix at the end of the evolution time. We have used this model to produce the
quantitatively accurate fits displayed in Fig. 2a.
For each electron spin, the Zeeman energy splitting is proportional to the total magnetic field
Btot =
√
(Bext +Bznuc)
2 +B⊥nuc
2 ≈ Bext + Bznuc + B⊥nuc2/2Bext (Fig. 2b). Time-dependence
of the parallel and transverse nuclear components, Bznuc and B⊥nuc
2
, can lead to dephasing of the
electron spin. Assuming statistical independence between Bznuc and B⊥nuc
2
, the theoretical echo
signal can be written as a product, C(τ) = Az(τ)R⊥(τ), where Az(τ) and R⊥(τ) account for the
contributions of Bznuc and B⊥nuc to the electron spin precession. In the experimental range of the
magnetic fields, the time-dependence of Bznuc is mainly caused by spectral diffusion due to the
dipole-dipole interaction between nuclear spins. This process is predicted to lead to a decay of the
form Az(τ) = exp(−(τ/TSD)4) (ref 14, 16). As we will now discuss, R⊥(τ) (see Supplementary
Eq. 1) has a more interesting non-monotonic structure which arises from the relative precession of
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Figure 2: Echo amplitude. a, Echo signal as a function of the total evolution time, τ , for different
values of magnetic field. The fits to the data are obtained by extending the model of ref 3 to
include a spread δBloc of the nuclear Larmor frequencies26 and multiplying with exp((−τ/TSD)4).
Curves are offset for clarity and normalized as discussed in the Supplementary Material. b, The
total Zeeman field seen by the electron is the vector sum of the external field and the Overhauser
fields parallel and perpendicular to it. c, The three nuclear species (only two shown for clarity)
contributing to the Overhauser field precess at different Larmor frequencies in the external field. d,
As a result of the relative precession (top), the total transverse nuclear field oscillates at the Larmor
frequency difference(s) (bottom).
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nuclear spins in the external field with different Larmor frequencies.
The transverse hyperfine field, ~B⊥nuc, is a vector sum of contributions from the three nuclear
species 69Ga, 71Ga and 75As. Due to the different precession rates of these species (Fig. 2c),
B⊥nuc(t)
2 contains harmonics at the three relative Larmor frequencies (Fig. 2d) in addition to a
constant term. The contribution of the constant term to the singlet return probability is eliminated
by the echo pulse. For a general free precession period, the time-dependence leads to a suppression
of the echo signal. However, if the precession interval τ/2 is a multiple of all three relative Larmor
periods, the oscillatory components contribute no net phase to the electron spin evolution. As a
result, the echo amplitude revives whenever the commensurability condition is met. Averaging the
singlet return probability over initial Overhauser field configurations26 leads to the collapse-and-
revival behavior predicted in refs 3, 4.
At low fields, the echo envelope decays more quickly than at high fields (see Fig. 2a). This
field dependence can be accounted for by including a spread of the Larmor precession frequencies
for each nuclear species. Such a variation is also manifest in the width of NMR lines and naturally
arises from dipolar and other interactions between nuclei27. We model it as a shift of the magnetic
field acting on each individual nuclear spin by an amount Bloc, where Bloc is a Gaussian random
variable with standard deviation δBloc. This spread of precession frequencies leads to an aperiodic
time-dependence of B⊥nuc
2
, which cannot be removed by the electron spin echo.
Using the above model (see also Supplementary Eq. 1), we have fit all the data in Fig.
2a with a single set of field-independent parameters which were chosen to obtain a good match
with all datasets: the number of nuclei in each of the two dots, N , the spectral diffusion time
constant, TSD, and δBloc. In addition, the scale factor for each dataset was allowed to vary to
account for the imperfect normalization of the data. The value of N determines the depths of the
dips between revivals. The best fit yields N = 4.4 × 106, which is in good agreement with an
independent determination from a measurement of T ∗2 =
√
N~/g∗µB ·4.0 T giving N = 4.9×106
(see ref 28, Supplementary Material). From the fit we also obtain TSD ≈ 37µs and δBloc = 0.3
mT. The measured NMR line width in pure GaAs is about 0.1 mT (ref 27). A possible origin
for the larger field inhomogeneity found here is the quadrupole splitting arising from the presence
of the two localized electrons29. The inhomogeneity of the Knight shift is expected to have a
similar but quantitatively negligible effect for our parameters. The value of TSD is consistent with
theoretical estimates (see Supplementary Material and ref 16). Interestingly, the spread of nuclear
Larmor frequencies, captured by δBloc, contributes significantly to the echo decay even at the
highest fields investigated. We have also verified that the Hahn-echo lifetime is not significantly
affected by dynamic nuclear polarization, which can be used to increase T ∗2 (ref 30, Supplementary
Material).
In order to measure the long Hahn-echo decay times of up to 30 µs, it was necessary to
systematically optimize the pulses (see Supplementary Material). Small differences in the gate
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voltages before and after the π-pulse shift the electronic wave function relative to the inhomoge-
neously polarized nuclei. Such shifts cause the electrons to sample different Overhauser fields at
different times, and thus lead to an imperfect echo. We have minimized this effect by compensating
for a systematic drift of ε over the course of each pulse sequence (see Supplementary Material).
Substantially longer coherence times are expected for more elaborate decoupling sequences18.
We implemented the CPMG sequence19, which consists of an n-fold repetition of the Hahn-echo,
thus requiring n π-pulses, as shown in Fig. 1d. Fig. 3 shows data for n = 6, 10 and 16. For n
= 16, the echo signal clearly persists for more than 200 µs. The field dependence for n = 4 is
reported in the Supplementary Material. To verify the interpretation of the data, we have measured
the dependence of the echo on small changes in the final free precession time and the duration of
the exchange pulses for n = 10, τ = 5 and 120 µs (Supplementary Material). Because of the large
number of potential tuning parameters, we have not optimized these CPMG pulses. We expect
that with improved pulses, the same extension of the coherence time could be achieved with fewer
pulses. The linear initial decay of the signal in Fig. 3 is not well understood. The similar variation
of the reference signal corresponding to a completely mixed state is suggestive of a single-electron
T1 process causing leakage into the T+ and T− states (see Supplementary Material). The decay
time constant sets a lower bound for the largest achievable coherence time.
Our measurements demonstrate coherence times of GaAs spin qubits of at least 200 µs, two
orders of magnitude larger than previously shown. The duration of each of the π-pulses could
easily be reduced below the 6 ns used here. Thus, more than 105 operations could be carried out
within the coherence time, well in excess of the commonly quoted error correction threshold of
∼ 104. Furthermore, one may hope to achieve millisecond scale coherence times with improved
decoupling sequences18 without adding complexity. The excellent agreement with the model for
the field and time dependence of the Hahn-echo revivals shows that many aspects of the dephasing
of electron spins due to the nuclear hyperfine interaction are now well understood. The insight
gained may also help pave the way towards probing macroscopic quantum effects in a mesoscopic
ensemble of a few million nuclear spins.
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